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ABSTRACT 
Porous solids that derive their porosity from rigid frameworks of molecules are of interest for 
storage, separation, and sensing of molecules because these materials exhibit large pore volumes, 
permanent porosity, high thermal stability and feature pores with tunable dimensions and 
topology. Conventional approaches to prepare molecular frameworks utilize hydrothermal 
synthesis at elevated temperature to form coordination polymers referred to as metal-organic 
frameworks (MOFs) in a single step by reacting metal ions with organic ligands featuring two 
different binding sites. This approach produces MOFs with a single fixed architecture 
determined by mixed coordination of the metal ions by two different functional groups. We are 
investigating an alternate approach to the synthesis of MOFs based on the step-wise formation 
and deprotection of coordination complexes with inhibited binding sites. Our specific goals were 
to determine (1) whether reaction of imidazolylbenzoate esters with metal ions (e.g., Cu(II) or 
Cd(II)) would lead to soluble coordination complexes in which the metal ions were coordinated 
exclusively by imidazole groups, and (2) whether subsequent conversion of the ester groups into 
carboxylate groups would promote further assembly to form MOFs via coordination of metal 
ions at the carboxylate groups. We hypothesized that this step-wise approach would produce 
MOFs with novel architectures controlled by homogeneous coordination that are not accessible 
via a conventional one-step approach. 
 
 
 
 
 
 
 
 
3 
 
ACKNOWLEDGEMENTS 
I would like to thank my project advisor, Professor John C. MacDonald of the Chemistry and 
Biochemistry department, for the help and time he devoted to this project. I would also like to 
thank Moqing Hu, Pranoti Navare, and Sahag Voskian for their help and guidance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 
 
TABLE OF CONTENTS 
 
ABSTRACT……………………………………………..………………………………….….….2 
ACKNOWLEDGEMENTS………………………………………………………………….……3 
TABLE OF CONTENTS…………………………………………………………………….……4 
TABLE OF FIGURES…………………………………………………………………………….5 
TABLE OF TABLES……………………………………………………………………………..6 
1 INTRODUCTION……………………………………………………………………………....7 
2 BACKGROUND………………………………………………………………………………..8 
2.1 What are Porous Materials?.......................................................................................................9 
2.2 Zeolites………………………………………………………………………………….……..9 
2.3 Porous Polymers……………………………………………………………………………..11 
2.4 Metal-organic Frameworks…………………………………………………………………..12 
3 STRATEGY FOR SELECTING A LIGAND 
AND APPROACH FOR FORMATION OF MOFS…………………………………....……….15 
4 STATEMENT OF GOALS……………………………………………………………………22 
5 EXPERIMENTAL……………………………………………………………………….…….22 
5.1 Materials and Methods…………………………………………………………………….…22 
5.2 Synthesis of ethyl 4-(imidazol-1-yl)benzoatetetrakis(ethyl 4-(imidazol-1-yl)benzoate)-
bis(nitrato-O)-Cu(II) and ethyl 4-(imidazol-1-yl)benzoatetetrakis(ethyl 4-(imidazol-1-
yl)benzoate)-bis(nitrato-O)-Cd(II)……………………..…………………………...……………23 
5.3 Synthesis of MOF-Cu and MOF-Cd…………………………………………………….…...23 
6 RESULTS AND DISCUSSION………………….……………………………………………24 
6.1 Cu-EIB and Cd-EIB………………………………………………………………………….24 
6.2 MOF-Cu and MOF-Cd………………………………………………………………………31 
7 CONCLUSIONS……………………………………………………………………...……….38 
8 REFERENCES……………………………………………………………………………..….39 
 
5 
 
TABLE OF FIGURES 
 
Figure 1. The porous structure of a zeolite………………………………………………….…...10 
Figure 2. Polystyrene cross-linked with DVB………………………………………………..….11 
Figure 3. Structure of MOF-5…………………………………………………………………....13 
Figure 4. MOF-177…………………………………………………………………………..…..14 
Figure 5. MOF-199……………………………………………………………………………....15 
Figure 6. Rigid ligands used in synthesis of coordination polymers (MOFs)………………..….16 
Figure 7. Structure of 4-(imidazol-1-yl)benzoate………………………………………………..16 
Figure 8. Reaction of 4-(imidazol-1-yl)benzoate ligands with Cu(II) and Cd(II)……………….18 
Figure 9. Structures of MOF-1 and MOF-2……………………………………………………...19 
Figure 10. Ethyl 4-(imidazol-1-yl)benzoate……………………………………………………..20 
Figure 11. Illustration of MOF assembly in two steps…………………………………………...21 
Figure 12. Two different crystal habits of Cu-EIB…………………………………...……….…25 
Figure 13. Cd-EIB………………………….…………………………………………………….25 
Figure 14. IR spectrum of Cu-EIB synthesized with a 2:1 ligand:metal reaction ratio………….27 
Figure 15. IR spectrum of Cu-EIB synthesized with a 4:1 ligand:metal reaction ratio………….28 
Figure 16. X-ray determined structures for Cu-EIB and Cd-EIB………………………………..29 
Figure 17. TGA curve for Cu-EIB………………………………………………………………30 
Figure 18. TGA curve for Cd-EIB…………………..…………………………………………...30 
Figure 19. MOF-Cu and MOF-Cd in their vials………………………….……………………...31 
Figure 20. Powder X-ray diffraction trace for MOF-Cu………………………………................32 
Figure 21. Powder X-ray diffraction trace for MOF-Cd…………………………………..……..33 
Figure 22. TGA curves for MOF-Cu…………………………………………………………….34 
Figure 23. TGA curves for MOF-Cd…………………………………………………………….35 
 
 
6 
 
TABLE OF TABLES 
 
Table 1. Melting Point Data…………………………………………...…………………………26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7 
 
1 INTRODUCTION 
Considerable research has been carried out to investigate the design, synthesis, and 
porous properties of metal-organic frameworks (MOFs) in recent years due to the ability of these 
microporous crystalline solids to store, separate, and sense molecules. MOFs offer significant 
advantages over porous solids such as zeolites because they exhibit large pore volumes, 
permanent porosity, high thermal stability, and feature pores with dimensions and topology that 
can be tuned via synthetic modification of the organic components. MOFs featuring a wide array 
of architectures (e.g., cubic, diamond, etc.) can be targeted though careful selection of the 
organic components and coordinating metal ions, and by controlling reaction conditions such as 
polarity of solvent, temperature, and pressure.
1
 MOFs are coordination polymers that are 
composed of metal ions arranged in an open, ordered three-dimensional structure by linking rigid 
ligands that contain two functional groups (a bidentate ligand) that bind to metal ions. The 
structure can best be described as analogous to the frame of a building, with ligands in place of 
steel beams, and metal ions representing the vertices where the beams intersect. The resulting 
open structures that permeate the crystalline structure of MOFs make them capable of adsorbing 
a large amount of solvent or other guest molecules. To date, the majority of MOFs have been 
synthesized via a single-step reaction in which the components are all combined in a reaction 
vessel and allowed to assemble into the final product, generally under hydrothermal conditions at 
elevated temperature. During that process, the coordination of the ligand molecules to the metal 
ions is controlled by the reaction conditions such as temperature and the solvent used.
1
 Self-
assembly of MOFs is driven by coordination of the metal ions by the functional groups present 
on the ligand in a single step. When ligands containing two different functional groups such as 
an imidazole and a carboxylic acid are used, mixed coordination of the metal ion by both 
functional groups (e.g., N and O atoms) results, defining both the coordination geometry around 
the metal ion and the overall three-dimensional structure of the MOF (e.g., cubic, diamond, etc.). 
Preparation of MOFs via mixed coordination in a single step generally precludes formation of 
alternative architectures that might result from homogeneous (segregated) coordination of metal 
ions by one functional group or the other.  Therefore, there is a need to explore new synthetic 
stategies for preparing MOFs that allow for selective coordination. Toward that end, we 
proposed assembling MOFs in two separate steps. In the first step, a bidentate ligand having one 
functional group masked with a protecting group is coordinated to a metal ion via homogeneous 
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coordination to form a discrete coordination complex. In the second step, the masked functional 
group is deprotected in the presence of additional metal ions to allow assembly of a MOF via 
homogeneous coordination by the deprotected functional group.  
 This project focused on creating metal-organic frameworks by employing a two-step 
reaction using ethyl 4-(imidazol-1-yl)benzoate. This ligand was chosen because we have shown 
previously that it forms a porous MOF when reacted with Cu(II) under hydrothermal conditions 
via mixed coordination of the imidazole and carboxylic acid groups.
2
 Under hydrothermal 
conditions at elevated temperature, water present in solution hydrolyzes (deprotects) the ester 
group to the corresponding carboxylic acid, which then coordinates to the Cu(II) ions along with 
the imidazole group to form the MOF. We also have shown that reaction of ethyl 4-(imidazol-1-
yl)benzoate with Cu(II) nitrate in a 1:1 ethanol:water mixture at room temperature forms a 
dicrete coordination complex featuring four ligands coordinated to Cu(II) in a square planar 
arrangement with two nitrate anions coordinated at the axial sites. At room temperature, the ester 
groups are not hydrolyzed to carboxylic acids by water, thereby preventing coordination of the 
Cu(II) ions by those groups. It was not known whether this complex could be further reacted to 
form a MOF by removing the inhibiting ethyl ester groups. Accordingly, in this project we aimed 
(1) to synthesize and characterize the composition, coordination geometry, and structures of 
discrete coordination complexes between ethyl 4-imidazolylbenzoate and transitions metals such 
as Cu(II) and Cd(II); (2) to investigate whether the ethyl groups on those complexes could be 
removed by hydrolysis either under hydrothermal conditions or at room temperature in the 
presence of aqueous acid or base; (3) to determine if the deprotected complexes could then be 
reacted with transition metal ions such as Cu(II) and Cd(II) to form MOFs; and (4) to 
characterize the structures and porous properties of any MOFs that formed. 
2 BACKGROUND 
 MOFs are one of several different types of molecular based materials that are known to 
form porous structures. This section gives a brief description of different classes of porous 
materials followed by a more detailed description of previous MOF research. 
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2.1 What are Porous Materials? 
The term “porous” refers to the property of a material having pores that make it 
permeable to guests such as air or water.
3
 There are several different classes of porous materials 
that are used commonly. Examples include zeolites, porous polymers, and metal-organic 
frameworks (MOFs).  Each of these types of materials have unique attributes based on their 
structures and are used in different capacities. 
2.2 Zeolites 
Zeolites are a group of naturally occurring porous minerals which were first discovered in 
1756 by the Swedish mineralogist A.F. Cronstedt.
4
 He used the name “zeolite” because it derives 
from the Greek words for “boil” and “stone”, and because a zeolite, which has adsorbed water in 
the channels permeating the solid will release that water and give off steam when heated.
4
 
Zeolites are aluminosilicates, meaning that they are comprised of aluminum, silicon, and oxygen 
atoms. More specifically, they are tectoaluminosilicates, since each oxygen atom forms a bridge 
between two tetrahedral atoms (either silicon or aluminum).
4
 These atoms are arranged in such a 
way that gives rise to porous channels of regular size. A representation of a zeolite structure 
known as ZSM-5 is depicted in Figure 1. 
10 
 
Figure 1. The porous structure of a zeolite
6 
 
 Due to the fact that the structure of a zeolite is composed of oxygen atoms bonded to 
tetravalent silicon and aluminum atoms, the size of the pores can be determined by controlling 
the ratios of oxygen, aluminum and silicon. Also, aluminosilicate frameworks have one 
negatively charged oxide per aluminum, which require positive counterions such as Na
+
 and K
+
 
to balance the charge.
4
 Therefore, a zeolite’s affinity for such ions could be controlled by altering 
the ratio of silicon to aluminum used.  
While zeolites can be formed with different pore sizes, the pores of any given zeolite are 
generally uniform in size. This makes zeolites very useful as molecular sieves that absorb small 
molecules (e.g., water, simple alcohols, etc.), and that can discriminate between different-sized 
molecules with high precision, even when the difference in size between two molecules is less 
than 1 Å.
4
 Because of their ability to take up ions such as Ca(II) and Mg(II), which cause 
hardness in water, zeolites have been used in products such as laundry detergent and water 
softener.
5 
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2.3 Porous Polymers 
Porous polymers represent another class of porous material distinct from zeolites. Porous 
polymers, as their name implies, are porous structures made from cross-linked organic polymers. 
While there are multiple kinds of porous polymers, a typical example is prepared from the 
monomers styrene and divinylbenzene (DVB), which form a cross-linked structure due to the 
extra vinyl group on DVB (Figure 2).
7 
 
 
Figure 2. Polystyrene cross-linked with DVB (phenyl groups on side chains omitted for clarity) 
 
Since cross-linking is dependent on DVB, the size of the pores in porous polymers such 
as this one can be controlled by changing the amount of DVB used during polymerization. The 
greater the ratio of DVB to styrene, the more cross-linking can occur, and the smaller the pores 
will be. Given that cross-linking lends stability to the overall structure, the larger the pore sizes, 
the less stable and structurally well-defined the material will be.
7
 For that reason, porous 
polymers are not typically as sturdy or thermally robust as zeolites and metal-organic 
frameworks. Their porous properties also are less predictable because the amorphous structure of 
the polymers produces pores with dimensions that vary greatly. 
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2.4 Metal-Organic Frameworks 
 Metal-organic frameworks represent a unique class of porous materials. Structurally, they 
are composed of metal cations linked together by organic ligands through coordination 
chemistry. Omar Yaghi first investigated the synthesis and properties of metal-organic 
frameworks in 1995.
8
 Since then, a wide variety of MOFs featuring a range of framework 
architectures, porous properties, and thermal stabilities have been developed and their 
application as materials for molecular storage, separation, detection, and reactivity have been 
explored.
12
 The majority of the MOFs developed to date rely on rigid aromatic dicarboxylic acid 
ligands or a combination of rigid dicarboxylic acid and diamine ligands to link transition metals. 
As a result, MOFs derived from those components generally form cubic MOFs with highly 
symmetrical structures that feature open channels oriented in three dimensions. MOFs prepared 
from asymmetrical ligands containing two different organic coordinating functional groups are 
less common. 
MOFs offer a number of advantages over both zeolites and porous polymers. Unlike 
zeolites, which form channels ranging from 3-12 Å in diameter, MOFs are comprised of an open 
framework that allows for a much greater internal void space and larger diameter channels (e.g., 
up to 30 Å to date) in which guests can reside. In addition, unlike zeolites, the organic ligands in 
MOFs can be decorated with substituents in order to change their properties. For example, 
adding aliphatic groups to the organic components of a MOF increases the hydrophobicity of the 
pores. 
 The most important difference between MOFs and porous polymers is that MOFs have a 
regular unit cell and crystalline structure, which gives the channels uniform diameters and allows 
the structures of MOFs to be determined accurately by X-ray crystallography. In contrast, porous 
polymers generally are disordered and often difficult to crystallize and characterize. Moreover, 
porous polymer materials such as polystyrene-DVB described previously generally are not as 
thermally robust as metal-organic frameworks, which are stable at temperatures well above 200 
°C and in some cases as high as 400 °C. 
 MOFs exhibit porosity higher than any other porous molecular-based material. For 
example, the MOF known as MOF-5 (Figure 3) has been shown to have a surface area-to-mass 
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ratio of 3,800 m
2
/g.
9
 This porosity makes MOFs such as MOF-5 extremely useful for the storage 
of gases and solvents.
 
  
 
Figure 3. Structure of MOF-5
9 
 
 The capacity for MOFs to store large amounts of guest makes them potentially very 
useful for a number of applications. One such application is as a storage medium for hydrogen to 
power vehicles in the future. The advantage of storing hydrogen adsorbed onto a framework 
rather than as a pure gas or a liquid is that remarkably high densities of hydrogen can be confined 
in a container packed with MOFs. In its adsorbed form, hydrogen does not need to be 
compressed and therefore poses much less of an explosion hazard than it would as a gas or 
liquid. The U.S. Department of Energy requirement for hydrogen to be used as a fuel is that at 
least 6 % of the fuel tank by weight be composed of hydrogen.
9
  Yaghi has shown that it is 
possible to store hydrogen in a framework called MOF-177 at a concentration of 7.5 % by mass, 
although at a temperature of 77 K (Figure 4).
9 
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Figure 4. MOF-177
9 
 
 Another possible application for metal-organic frameworks is in the capture and detection 
of hazardous materials, such as poisonous gases. In a study done in 2008, Yaghi, Britt, and 
Tranchemontagne tested the capacity of several different MOFs to adsorb eight different 
dangerous gases – sulfur dioxide, ammonia, chlorine, tetrahydrothiophene, benzene, 
dichloromethane, ethylene oxide, and carbon monoxide.
10
 The results were promising, with at 
least one MOF performing better at adsorption of each gas than the control material, BPL 
carbon. Of particular utility was MOF-199 (Figure 5), which equaled or outperformed BPL 
carbon for every one of the eight gases with the exception of chlorine. 
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Figure 5. MOF-199
10 
 
 MOFs are clearly very intriguing materials that can be produced economically and that 
currently are driving the creation of new technologies.  
3 STRATEGY FOR SELECTING A LIGAND AND APPROACH FOR FORMATION OF 
MOFS 
Given the promising and unique properties of MOFs outlined in the previous section, we 
decided to focus this research on MOFs rather than on zeolites or other types of porous materials. 
This naturally leads to the decision of what organic ligand is to be used to link the metal ions 
together. This decision is very important because the types of binding sites available, as well as 
the size, shape, and functional properties of the ligand have a profound effect on the overall 
structure of the MOF. Shown in Figure 6 is a sampling of different ligands that have been used in 
the synthesis of MOFs.
5
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Figure 6. Rigid ligands used in synthesis of coordination polymers (MOFs)
5 
 
This variety of different ligands illustrates the possibilities for structures of MOFs. 
Ligands 1, 5, and 9 have a linear shape; 2, 6, and 7 are trigonal planar; 3, 4, and 8 offer a 
tetrahedral arrangement. This diversity of shape gives rise to a great diversity of possible 
coordination architectures and coordination geometries offered by different metal ions.  
We have worked previously in our group with the ligand 4-(imidazol-1-yl)benzoate in an 
attempt to create a non-cubic framework with large pores.
2
 This ligand was chosen because of its 
slightly bent geometry in order to lower the overall symmetry of the framework architecture and 
form MOFs with anisotropic alignment of channels. 
 
 
Figure 7. Structure of 4-(imidazol-1-yl)benzoate.
2 
The red line highlights the bent geometry of the ligand. 
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Reaction of that ligand with Cu(II) nitrate in 1:1 ethanol/water under hydrothermal 
conditions produced MOF-1 featuring a non-cubic motif that exhibited high porosity and 
reversible sorbtion/desorption of guest ethanol and water. Binding of the Cu(II) ions by 4-
(imidazol-1-yl)benzoate in MOF-1 resulted from mixed octahedral coordination by both 
carboxylate and imidazole groups as shown in Figure 8. Coordination in that manner oriented the 
backbone of the ligands in a distorted tetrahedral arrangement that resulted in a 3-D network 
architecture with open channels, as shown on the left in Figure 9.   
Reaction of that ligand and substituted derivatives with Cu(II) and Cd(II) metal ions in 
one step resulted in formation of 3-D cubic MOF-1 and diamond-type MOF-2, as shown in 
Figure 9. The coordination complexes, crystal packing, channel structures, and ethanol/water 
guests included in the channels are shown in Figure 9. Assembly under kinetic control in a single 
step gave mixed octahedral coordination at the metal centers due to competition for binding by 
imidazole and carboxylate groups. Mixed coordination produced both square-planar (MOF-1) 
and tetrahedral (MOF-2) arrangements of the ligands around the metal ions that dictate the 3-D 
cubic and diamond architectures of MOF-1 and MOF-2, respectively. Disordered guest 
molecules of ethanol and water included in the channels could be removed by heating crystalline 
samples of MOF-1 and MOF-2. Both MOFs maintained their structure and permanent porosity 
when guests were removed as confirmed by comparing the powder X-ray diffraction patterns of 
samples before and after heating, and by demonstrating that ethanol and water could be loaded 
back into samples of the evacuated MOFs upon exposure to vapors of those guests under reduced 
pressure. 
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Figure 8. Reaction of 4-(imidazol-1-yl)benzoate ligands with Cu(II) and Cd(II) in a single step leads to mixed 
coordination by imidazole and carboxylate groups that gives 3-D cubic-type MOF-1 and diamond-type MOF-2. 
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Figure 9. Structures of the coordination complex (left), crystal packing showing the open channels (center) and 
included ethanol/water guest molecules within the channels (right) for MOF-1 (top) and MOF-2 (bottom). 
 
The main question this research project sought to answer is whether it is possible to 
prevent mixed coordination of metal ions using step-wise assembly to promote homogeneous 
coordination as a means to create new framework structures. We proposed that step-wise 
assembly could be carried out by protecting the carboxylate binding site on 4-(imidazol-1-
yl)benzoate by converting it to an ester functional group to form the ligand ethyl 4-(imidazol-1-
yl)benzoate shown in Figure 10. We expected the ester group would not participate in binding, 
leaving only the basic imidazole nitrogen available for binding to the metal ion.  
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Figure 10. Ethyl 4-(imidazol-1-yl)benzoate 
 
Our approach to step-wise assembly using the protected ligand involved two steps: (1) 
reaction of the protected ligand with Cu(II) or Cd(II) nitrate metal salts to form discrete 
complexes in which the metal ions are bound exclusively by imidazole groups; and (2) 
hydrolysis (deprotection) of the ester groups to form carboxylate groups and followed by 
reaction of the complexes with additional Cu(II) or Cd(II) metal ion salts to form MOFs via 
homogeneous coordination exclusively by carboxylate groups. This two-step approach is 
illustrated in Figure 11. We reasoned that coordination by imidazole in the first step would lead 
to discrete complexes with tetrahedral, square planar, or octahedral coordination geometry 
(shown at the top in Figure 11) depending on the choice of metal and whether counteranions 
(e.g., nitrate anion) remained free or bound to the metal ion. Selective coordination in this 
manner necessarily would give complexes with a 4:1 or 6:1 ratio of ligand to metal ion, which 
differs from the 2:1 ligand to metal ratio present in MOF-1 and MOF-2. Therefore, we expected 
these new discrete building blocks to yield MOFs containing different ratios of components than 
those formed in a single step. We reasoned that coordination by carboxylate in the second step 
following deprotection of the ester, would drive assembly of MOFs having substantially different 
architectures than MOF-1 and MOF-2 due to differences in the coordination geometry caused by 
segregated coordination of the imidazole and carboxylate groups (shown at the bottom in Figure 
11).  
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Figure 11. Illustration of MOF assembly in two steps. Step 1: reaction of ethyl-protected 4-(imidazol-1-yl)benzoate 
ligands with Cu(II) or Cd(II) ions to form soluble complexes via homogenerous coordination by imidazole groups 
(top). Step 2 (bottom): deprotection of the ester groups and subsequent reaction of the complexes with additional 
Cu(II) or Cd(II) metal ions to form MOFs via homogeneous coordination by carboxylate groups (bottom). 
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 As is illustrated in the reaction scheme at the bottom of Figure 11, the deprotection step 
could be carried out either by heating the reactants in a thick-walled reaction vessel using a 
convection oven for several days, or by using an acid or base to hydrolyze the ethyl ester group 
to the free acid or carboxylate. We anticipated that one potential problem with the hydrothermal 
approach is that the high temperatures could cause the ligands to detach from the metal ion and 
rearrange to form mixed coordination similar to that observed in MOF-1 and MOF-2. For that 
reason, we chose to focus our efforts on the acid/base-catalyzed room temperature approach. 
4 STATEMENT OF GOALS 
 The goal of this research was to determine whether it is possible to synthesize metal-
organic frameworks through a step-wise reaction strategy by first forming discrete imidazole 
complexes with masked carboxylate groups that could be deprotected to drive assembly of 
MOFs upon coordination to metal ions. Another goal was to determine whether the ratio of 
ligands and metal ions incorporated into discrete complexes could be controlled based on the 
stoichiometry of those components introduced into solution during synthesis. A third goal was to 
investigate whether the ligand-metal ratio and coordination geometry present in discrete 
complexes was preserved when the complexes were reacted with additional metal ions to form 
MOFs. Lastly, we wanted to determine whether hydrolysis of ester groups on the discrete 
complexes could be carried out at room temperature in the presence of aqueous acid or base as 
an alternative to using hydrothermal conditions at elevated temperature. 
5 EXPERIMENTAL 
5.1 Materials and Methods 
 Copper(II)nitrate trihydrate was purchased from Acrōs Organics. Cadmium(II)nitrate was 
purchased from Acrōs Organics. The ethyl 4-(imidazol-1-yl)benzoate was synthesized by Yu 
Wang, a post doctoral fellow in the MacDonald group. 200 Proof ACS/USP Grade ethanol was 
purchased from Pharmco-AAPER. 70% Nitric acid was purchased from BDH Aristar. 
Anhydrous sodium hydroxide was purchased from EMD. TGA data was collected on a Hi-Res 
TGA 2950 Thermogravimetric Analyzer (TA Instruments) under a nitrogen atmosphere at a rate 
of 10°C/min. Melting ranges were taken on a Fischer Scientific mel-temp. Single crystal X-ray 
data was collected using a Bruker AXS Kappa Apex II with a Mo source. The X-Ray Powder 
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data was collected with a Bruker AXS D8 Focus with a Cu source. IR data was collected with a 
Bruker Vertex 70 ATR-IR Instrument. 
5.2 Synthesis of ethyl 4-(imidazol-1-yl)benzoatetetrakis(ethyl 4-(imidazol-1-yl)benzoate)-
bis(nitrato-O)-Cu(II) and ethyl 4-(imidazol-1-yl)benzoatetetrakis(ethyl 4-(imidazol-1-
yl)benzoate)-bis(nitrato-O)-Cd(II) 
 Synthesis of ethyl 4-(imidazol-1-yl)benzoatetetrakis(ethyl 4-(imidazol-1-yl)benzoate)-
bis(nitrato-O)-Cu(II) and ethyl 4-(imidazol-1-yl)benzoatetetrakis(ethyl 4-(imidazol-1-
yl)benzoate)-bis(nitrato-O)-Cd(II), hereafter referred to as Cu-EIB and Cd-EIB respectively, was 
carried out according to the following procedure. 
 0.0111 g (5.14x10
-5 
mol) of ethyl 4-(imidazol-1-yl)benzoate was weighed and rinsed into 
a labeled 5-dram vial with 2mL ethanol. 0.0032 g (1.32x10
-5 
mol) of copper(II)nitrate trihydrate 
was weighed and rinsed into the same vial using 2 mL deionized water. 0.0119 g (5.51x10
-5 
mol) 
of ethyl 4-(imidazol-1-yl)benzoate was weighed and rinsed into a second labeled 5-dram vial 
with 2 mL ethanol. 0.0045 g (1.46x10
-5 
mol) of cadmium(II)nitrate tetrahydrate was weighed and 
rinsed into the same vial using 2 mL deionized water. The reactants dissolved readily at room 
temperature, and the vials were left open on a shelf to allow evaporation of the solvent. The vials 
were checked daily to ensure the solvent did not completely evaporate. 
 To summarize, the ligand ethyl 4-(imidazol-1-yl)benzoate was combined in separate vials 
with both copper and cadmium(II)nitrates in roughly 4:1 ligand-to-metal ratios with 1:1 
ethanol:water as solvent. The reactants were dissolved and allowed to react over the course of a 
few days. 
5.3 Synthesis of MOF-Cu and MOF-Cd 
 The materials which exhibited framework properties, hereafter referred to as MOF-Cu 
and MOF-Cd, were synthesized according to the following procedure. Nitric acid was prepared 
at 10 % concentration by volume by adding 1 mL 70 % nitric acid to 6 mL pure deionized water. 
Aqueous sodium hydroxide at approximately 10 % concentration by mass was prepared by 
dissolving 0.7344 g sodium hydroxide in ~6.5 mL deionized water. Freshly prepared samples of 
Cu-EIB and Cd-EIB were removed from their reaction vials, rinsed in a funnel with 1:1 
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ethanol:water, and then dried. 0.0057 g (5.42x10
-6 
mol) of Cu-EIB was weighed and washed into 
a labeled 1-dram vial with 1 mL ethanol. 0.0021 g (8.69x10
-6 
mol) of copper(II)nitrate trihydrate 
was weighed and washed into the same vial with 3 mL of the aqueous 10 % nitric acid solution. 
0.0055 g (5.23x10
-6 
mol) of Cu-EIB was weighed and washed into a second labeled 1-dram vial 
with 1mL ethanol. 0.0024 g (9.93x10
-6 
mol) of copper(II)nitrate trihydrate was weighed and 
washed into the same vial with 3 mL of the aqueous 10 % sodium hydroxide solution. 0.0035 g 
(3.18x10
-6 
mol) of Cd-EIB was weighed and washed into a third labeled 1-dram vial with 1 mL 
ethanol. 0.0016 g (6.62x10
-6 
mol) of cadmium(II)nitrate tetrahydrate was weighed and washed 
into the same vial with 3 mL of the aqueous 10 % nitric acid solution. 0.0028 g (2.54x10
-6 
mol) 
of Cd-EIB was weighed and washed into a fourth labeled 1-dram vial with 1 mL ethanol. 0.0012 
g (4.97x10
-6 
mol) of cadmium (II)nitrate tetrahydrate was weighed and washed into the same vial 
with 3 mL of the aqueous 10 % sodium hydroxide solution. The vials had to be heated gently on 
a hotplate in order to encourage dissolution of the reactants. Once the reactants had dissolved (if 
they were able to; see Results & Discussion for details), the vials were left uncapped to allow 
evaporation of solvent to drive the assembly of a framework. 
 In summary, Cu-EIB and Cd-EIB were combined with both copper and 
cadmium(II)nitrates in roughly 1:2 ligand-to-metal ratios. The solvent system was composed of 
1:3 ethanol:water, with the water portion containing either 10 % nitric acid by volume or 10 % 
sodium hydroxide by mass. 
6 RESULTS AND DISCUSSION 
6.1 Cu-EIB and Cd-EIB 
 Cu-EIB crystallized from solution as blue needles or thin blue plates depending on 
whether the ligand and metal were reacted in a 2:1 or 4:1 ratio, respectively. The two different 
crystal habits are shown in Figure 12.  
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Figure 12. Two different crystal habits of Cu-EIB; Left: Cu-EIB synthesized from solution containing 2:1 
Ligand:Metal stoichiometry; Right: Cu-EIB synthesized from solution containing 4:1 Ligand:Metal stoichiometry 
 
As shown in Figure 13, Cd-EIB crystallized from solution as colorless parallelepipeds 
regardless of whether the ligand and metal ion were reacted in a 2:1 or 4:1 relative ratio.  
 
 
 
Figure 13. Cd-EIB; Left: Cd-EIB synthesized from solution containing 2:1 ligand:metal stoichiometry; Right: Cd-
EIB synthesized from solution containing 4:1 ligand:metal stoichiometry 
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In order to determine whether the ratio of ligand to metal(II)nitrate had any effect on the 
composition of the complex, the two components were reacted in 2:1 and 4:1 ratios. The melting 
ranges of the resulting crystalline samples were then taken in order to compare the melting 
behavior and determine whether complexes of the same or different composition formed. 
 
Table 1. Melting point data for Cu-EIB and Cd-EIB 
Sample 
No. 
Metal Ligand:Metal 
Ratio 
Melting Range (°C) 
1 Cu 2:1 203 – 204 (small fragments) 
206 – 207 (larger fragments) 
2 Cu 2:1 200 – 203 (small fragments) 
203 – 204 (mid-size 
fragments) 
3 Cd 2:1 159 – 161   
4 Cd 2:1 158 – 160  
5 Cu 4:1 204 – 207 
6 Cu 4:1 201 – 204 
7 Cd 4:1 159 – 161 
8 Cd 4:1 159 – 161  
 
Both the needles and thin plates of Cu-EIB lost their blue color and gradually became 
colorless as the temperature increased until they melted between 200 °C and 207 °C to form a 
green liquid. Both samples of the complex with 2:1 EIB:Cu(II) reaction stoichiometry exhibited 
two slightly different melting ranges (203 – 204 °C and 206 – 207 °C), while both samples that 
had 4:1 EIB:Cu(II) reaction stoichiometry each had only one. It is likely that the differences in 
melting ranges observed for the Cu complexes are due to differences in the sizes of crystals, and 
not necessarily due to different molecular structures, since even the two 4:1 EIB:Cu(II) samples 
(5 and 6) melted over slightly different temperature ranges (204-207 °C and 201-204 °C, 
respectively), despite having been prepared with the same reaction stoichiometry. Crystals of the 
Cd complex were all colorless and melted into clear liquid between 158 °C and 161 °C, 
suggesting that they had the same molecular structure, regardless of the reaction stoichiometry. 
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Due to the slight variation in melting ranges among the different samples of Cu-EIB, 
infrared (IR) spectroscopy was used to examine samples of Cu-EIB grown from solutions 
containing the two components in 2:1 and 4:1 reaction ratios. The IR spectrum of sample no. 2 
(2:1 ligand:metal reaction ratio) is shown in Figure 14. The spectrum of sample no. 5 (4:1 
ligand:metal reaction ratio) is shown in Figure 15. 
 
 
Figure 14. IR spectrum of Cu-EIB synthesized with a 2:1 ligand:metal reaction ratio  
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Figure 15. IR spectrum of Cu-EIB synthesized with a 4:1 ligand:metal reaction ratio 
 
The spectra in Figures 14 and 15 display peaks at the same wavelengths (cm
-1
) and with 
the same relative intensities. This similarity in IR signature suggests that the molecular structure 
of Cu-EIB likely is the same in both samples and that the 4:1 ligand:Cu ratio in the complex 
forms and is not controlled by the ratio of ligand molecules to metal ions present in the reaction 
solution.  
Both Cu-EIB and Cd-EIB formed single crystals suitable for their crystal structures to be 
determined via X-ray diffraction. The crystal structures of the two complexes are shown in 
Figure 16. 
 
29 
 
 
 
Figure 16. X-ray-determined structures for Cu-EIB (left) and Cd-EIB (right) 
 
It is apparent from the structures that Cu-EIB and Cd-EIB are composed of discrete 
molecules rather than extended frameworks. Each molecule is composed of a central Cu or Cd 
metal ion bonded with four surrounding ligands of ethyl 4-(imidazol-1-yl)benzoate, as well as 
two nitrate counter ions. In the case of Cu-EIB, the ligands are arranged in a square planar 
formation and the nitrate ions are clearly bound at the axial positions above and below the square 
plane of the ligands. In the case of Cd-EIB, the ligands are arranged tetrahedrally around the 
cadmium ion. Two nitrate counter ions in that structure are not coordinated to the Cd ion. One of 
the nitrate ions (at the top in Figure 16) is disordered, inhabiting two slightly different 
orientations in the same location within the crystal. It cannot be determined from the crystal 
structure whether the disorder is static (the average of the ion in two different orientations) or 
dynamic (the anion is moving in the crystals between two orientations). One molecule of water 
also is present in the structure of Cd-EIB. 
While crystals of Cu-EIB and Cd-EIB were not expected to be porous, samples of 
crystals were still subjected to thermogravimetric analysis (TGA) to examine their thermal 
stability. The TGA curve for Cu-EIB is shown in Figure 17, and the TGA curve for Cd-EIB is 
shown in Figure 18. 
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Cu-EIB 
 
Figure 17. TGA Curve for Cu-EIB 
 
Cd-EIB 
 
Figure 18. TGA curves for Cd-EIB 
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 TGA shows the change in mass due to loss of solvent or decomposition of a material as 
the temperature is increased. As expected, the TGA trace for Cu-EIB shows no loss of mass until 
almost 200 °C, where decomposition of the ligand starts to occur.  The TGA curve for Cd-EIB 
shows a slight decline in mass beginning at ~50°C corresponding to loss of one molecule of 
water per Cd-EIB complex, as expected based on the crystal structure shown in Figure 16. The 
large, steep drop in mass above 150 °C is consistent with thermal decomposition of Cd-EIB. 
6.2 MOF-Cu and MOF-Cd 
 As described in the experimental section, Cu-EIB and Cd-EIB were placed in solutions 
containing aqueous nitric acid or sodium hydroxide base to hydrolyze the ester groups and to 
promote assembly of those complexes into MOFs in the presence of additional metal ions. Of the 
two sets of reaction conditions, only the base-catalyzed reactions yielded solid products. Both of 
the base-catalyzed reactions yielded masses of translucent fibrous crystals after allowing the 
vials to stand uncapped for one week to allow evaporation of solvent. Images of the fibrous 
crystals, MOF-Cu and MOF-Cd, are shown in Figure 19. It is important to note that the solids of 
Cu-EIB and Cd-EIB had low solubility in the presence of aqueous sodium hydroxide and would 
not fully dissolve in the 3:1 water:ethanol solvent system. Accordingly, some undissolved 
starting material may have been present in the products that formed.  
 
  
Figure 19. MOF-Cu (left) and MOF-Cd (right) in their vials. MOF-Cd view under polarized light. 
32 
 
 
 It was not possible to determine the crystal structures of MOF-Cu and MOF-Cd because 
single crystals with large enough diameters to diffract well could not be obtained. It was possible 
to characterize crystals of MOF-Cu and MOF-Cd using powder X-ray diffraction (PXRD) on 
bulk polycrystalline samples of the fibrous bundles of needles. The PXRD traces for the two 
products are shown in Figures 20 and 21. The two PXRD traces give sharp peaks that diffract 
well out to high angles (~40 °) at different diffraction angles, indicating that the samples were 
highly crystalline and that the two products form crystalline phases with distinctly different 
packing arrangements.    
 
 
Figure 20. Powder X-ray diffraction trace for MOF-Cu 
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Figure 21. Powder X-ray diffraction trace for MOF-Cd 
  
 The TGA curves of MOF-Cu and MOF-Cd were collected to determine whether 
crystalline samples exhibited porous behavior. Samples of MOF-Cu and MOF-Cd were heated to 
350 °C at a rate of 10 °C per minute to determine if guest solvent was present in channels and 
lost during heating and to determine the relative amount of guest lost. The samples were cooled 
back down to room temperature and then heated again to confirm that any loss of mass from the 
first run was due to guest solvent leaving the samples. The evacuated MOF-Cd from the second 
run was placed on a piece of filter paper and had a few drops 1:1 ethanol:water dripped over it. 
The evacuated MOF-Cu was placed in a funnel with a piece of filter paper and resolvated with a 
pipetteful of 1:1 ethanol:water for a couple of minutes. Once excess solvent had dried, the 
resolvated samples were then heated a third time in the TGA to determine if the samples would 
reabsorb guest solvent and how much guest solvent. The TGA traces for the three runs for MOF-
Cu are shown in Figure 22, and those for MOF-Cd are shown in Figure 23.  
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Figure 22. TGA curves for MOF-Cu; top:  solvated samples taken directly from solution (first run); middle: 
previously heated (evacuated) samples from the first run (second run); bottom: resolvated samples (third run). 
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Figure 23. TGA curves for MOF-Cd; top:  solvated samples taken directly from solution (first run); middle: 
previously heated (evacuated) samples from the first run (second run); bottom: resolvated samples (third run). 
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 The top TGA curves in Figures 22 and 23 clearly show that samples of MOF-Cu and 
MOF-Cd both lose 20 % of their mass starting immediately upon heating from room temperature 
and finishing by 130 °C in the case of MOF-Cu and by 100 °C in the case of MOF-Cd, 
indicating that both samples exhibit significant and similar porosity. Both traces feature a change 
in slope of the curve at ~70 °C with the initial shallower slope signifying mass loses of 7 % and 8 
% and the steeper slope signifying mass loses of 13 % and 12 % for MOF-Cu and MOF-Cd, 
respectively. Considering that both MOFs were prepared in solvent mixtures of ethanol and 
water, the initial loss of mass is consistent with ethanol (b.p. = 78.4 °C) leaving the samples, 
followed by water (b.p. = 100 °C) leaving the samples. Taking into account the molecular 
weights of ethanol and water, the TGA data indicates that the composition of guest solvent lost 
from MOF-Cu consists of 17 % ethanol and 83 % water, and that lost from MOF-Cd consists of 
21 % ethanol and 79 % water. The data shows that ethanol is removed completely from both 
MOFs at 70 °C, and that water is removed completely from MOF-Cd by 100 °C, but not until 
130 °C in MOF-Cu. That finding, along with the fact that water is lost well above its normal 
boiling point, indicates that it takes greater energy to remove water completely from MOF-Cu, 
suggesting that water is bound more tightly in MOF-Cu and than in MOF-Cd. One explanation is 
that water interacts more strongly with the framework of MOF-Cu, likely by forming stronger 
hydrogen-bonding interactions with the negatively-charged carboxylate groups on the ligand. A 
second explanation is that some molecules of water are coordinatively bonded to Cu(II) ions in 
the MOF, which would indicate a significant difference in the coordination geometry and 
arrangement of the ligands round the metal ions in MOF-Cu and MOF-Cd. A third explanation is 
that MOF-Cu forms smaller channels or isolated cavities in which water is trapped, which again 
would suggest a difference in the structures of MOF-Cu and MOF-Cd. 
 The TGA curves in middle of Figures 22 and 23 were obtained by reheating the 
evacuated samples from the first run after they had cooled back to room temperature. The traces 
for both MOFs are flat, confirming that no additional mass was lost from the evacuated samples. 
The fact that no additional mass was lost indicates that the samples did not reabsorb water from 
air during the process of cooling. It also suggests that the 20 % loss in mass from samples in the 
first run was due to solvent leaving the samples rather than decomposition of the samples. 
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 The TGA curves at the bottom of Figures 22 and 23 were obtained on samples of both 
MOFs that were heated to 350 °C to completely remove guest solvent, cooled to room 
temperature, and exposed to 1:1 ethanol:water by placing a few drops of the solvent mixture on 
the sample to see if they would reabsorb ethanol and water. The trace for the resolvated sample 
of MOF-Cu (bottom of Figure 21) shows a 10 % loss of mass with indicating the evacuated 
MOF reabsorbed half the amount of guest solvent present in the MOF prior to heating. This 
result confirms that MOF-Cu is robust enough to maintain porosity after guest solvent is 
removed. The fact that the evacuated MOF takes up just half the amount of guest solvent 
suggests several possibilities. One possibility is that the evacuated MOF is not completely 
thermally stable when heated to 350 °C, resulting in some loss of porosity that could be caused 
by partial decomposition of the framework or a partial solid-solid phase transition to a nonporous 
structure. The reduced uptake of guest solvent could also result if the kinetics for diffusion of the 
guest into the interior of the MOF is slow enough to give incomplete loading of the MOF upon 
exposure to drops of the ethanol:water mixture. Two notable differences between the profiles of 
the TGA curves from the first and third runs are (1) that less than 1 % of mass is lost prior to the 
change in the slope of the curve at ~60 °C (i.e., ethanol), followed by a 10 % loss of mass above 
~60 °C (i.e., water), and (2) that the loss of mass is complete by 100 °C. The first difference 
suggests that MOF-Cu selectively reabsorbs water over ethanol, and that the MOF is able to 
reabsorb up 77 % of the amount of water by mass (10 % loss in mass in run 3 vs. 13 % loss in 
mass in run 1) contained in the MOF prior to heating. The second difference indicates that less 
energy is required to completely remove the reabsorbed solvent, suggesting that the solvent is 
bound less tightly in the resolvated MOF compared to the unheated MOF.  That finding supports 
the hypothesis some guest water in the unheated MOF (run 1) may be trapped within framework 
or bonded to the Cu(II) metal centers and would explain why less water is reabsorbed into the 
evacuated MOF.  
 The trace for the resolvated sample of MOF-Cd (bottom of Figure 22) shows a 5.5 % loss 
of mass with indicating the evacuated MOF reabsorbed one quarter the amount of guest solvent 
present in the MOF prior to heating, with 4.5 % of the loss in mass occurring after the change in 
slope at 60 °C. Similar to resolvated MOF-Cu, that observation suggests that MOF-Cd maintains 
some level of porosity once guest solvent is removed, and that the MOF selectively reabsorbs 
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water over ethanol. The reduced capacity of evacuated MOF-Cd to reabsorb guest ethanol and 
ethanol could be explained based on the same arguments proposed for evacuated MOF-Cu. 
It is important to point out that accurately determining the percent loss of mass of porous 
materials such as MOFs by TGA generally is difficult.  Because of their porous nature, MOFs 
frequently begin losing mass immediately upon removal from solution. For example, we have 
shown previously that when crystals of MOF-1, shown in Figure 9, are removed from solvent, 
they lose 4 % of their mass in just 15 minutes on standing in air at room temperature due to 
evaporation of ethanol and water guest molecules out of the pores in the crystal. Unfortunately, 
loss of solvent from MOFs is inherent in having to remove samples from solution, dry the 
crystals (to avoid loss of mass due to solvent on the surface of crystals), load them into the TGA, 
and then equilibrate the instrument prior to collecting data. Therefore, the masses of solvent lost 
from crystals of MOF-Cu and MOF-Cd reported in this study as determined by TGA 
undoubtedly are lower than the actual values.  
7 CONCLUSIONS 
 The primary goal of this project was to determine whether it is possible to create metal-
organic frameworks using a novel step-wise reaction strategy. The results of this research show 
conclusively that we were successful in synthesizing discrete coordination complexes, Cu-EIB 
and Cd-EIB, with protected carboxylate groups, that subsequently could be used as new building 
blocks with which to synthesize two novel porous framework solids, MOF-Cu and MOF-Cd. 
Those MOFs exhibited reversible porosity as well as thermal and structural stability on par with 
other porous MOFs reported in the literature. We also were able to show using melting point and 
IR analysis that varying the ratio of ligand and metal(II)nitrate salt present in the reaction 
solution does not affect the composition [i.e., 4:1 ratio of 4-(imidazol-1-yl)benzoate: 
metal(II)nitrate] of the Cu-EIB and Cd-EIB building blocks.  
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